We measured the adhesion of candidate probiotic lactic acid bacteria (LAB) to carp intestinal mucus. The percentage of adherent bacteria varied among strains. Four strains, two with high adhesion and two with low adhesion in vitro, were tested for in vivo colonization ability. Carp were fed LAB-containing feed for 12 d, and then unsupplemented feed until day 33, and the numbers and compositions of intestinal LAB were analyzed during the entire period. LAB with lower in vitro adhesion disappeared quickly from the intestine after LAB feeding stopped. LAB with higher in vitro adhesion remained in the intestine 3 weeks after LAB feeding stopped, indicating a strong correlation between mucus adhesion in vitro and colonization ability in vivo. Next we isolated nine candidate probiotic LAB with high in vitro mucus-binding ability. Three of them were fed to carp, and all three were stably maintained in the intestine.
Lactic acid bacteria (LAB) are widely used as probiotics. Probiotics are usually defined as live microbial food supplements that benefit the host by improving its intestinal microbial balance. 1) Probiotics are commonly used for human health and animal husbandry, 2) but rarely in aquaculture. It has been suggested that they improve the host condition by reducing the pH in the intestine, secreting antibiotics, and stimulating the immune system. 3) In aquaculture, probiotics are expected to stimulate the immune system, 4) confer resistance to pathogens, 5) and increase larval survival and growth rates. 6) They might also improve water quality. 7) With a tightening of regulations on the use of antibiotics in aquaculture, probiotics might offer an alternative. 8) We have reported that the predominant LAB composition in the carp (Cyprinus carpio) intestine changes seasonally, 9) so we isolated various LAB from carp intestine in summer and winter and selected candidate probiotics showing cholic acid resistance and antibacterial activity against fish pathogens.
10) Bacterial adhesion to intestinal epithelial cells and mucus is thought to be important in the selection of probiotic strains, 11) but it
has not yet been examined in these strains. Probiotics can promote protection of the host's intestinal microenvironment from invading pathogens. 12) Adhesion to the intestinal mucosa and mucus is thought to be crucial for colonization in the intestine, and is thought to stimulate the host immune system. Moreover, it is generally believed that adherent bacteria affect the composition of intestinal flora and play important roles in health and disease control by competing with pathogens for binding sites 8) and nutrients. 3) In vitro adhesion of probiotic bacteria to mucus has been measured in mammals, [13] [14] [15] fishes, 16) and birds, 17) but to our knowledge, the relation between in vitro mucus adhesion and in vivo colonization ability has not been tested in the animals described above. The aim of this study was to investigate the ability of our previously isolated candidate probiotics to adhere to carp mucus, and to elucidate any correlation between in vitro adhesion and in vivo colonization ability. Since we found a good correlation, we screened new candidate probiotic LAB from the carp intestine using the rate of adhesion in vitro as an index.
Materials and Methods
Fish. Healthy carp were obtained from the Ibaraki Prefectural Freshwater Fisheries Experimental Station (Ibaraki, Japan). The fish were stocked in tanks (23 AE 1 C) and fed twice a day with a commercial diet (Sakamoto Feeds, Chiba, Japan) at 0.75% of body weight until use.
Bacterial strains and culture conditions. Eight potential probiotic LAB strains, Lactococcus (Lc.) lactis h2, Lactococcus raffinolactis h47, Lactococcus raffinolactis R1, Lactobacillus (Lb.) sakei S2, Lactobacillus sakei S4, Lactobacillus fuchuensis K11, Enterococcus pseudoavium h50, and Streptococcus iniae I1, isolated from common carp intestine, were described previously.
10) The total bacterial number in the carp intestine was counted on NY agar. 9) LAB were cultured in GYP liquid medium 9) and on GYP-BCP agar 9) plates. LAB colonies showing clear zones were easily distinguished from other bacteria on this plate.
For the in vitro adhesion assay, LAB were cultured in GYP liquid medium for 18 h at 30 C, collected by centrifugation at 3;500 Â g for 5 min, washed twice with HEPES-(10 mM, pH 7.4) buffered Hanks' balanced salt solution (HH), and suspended in HH at 5 Â 10 7 colony-forming units (CFU) per mL as indicated by the absorbance at 600 nm.
In vitro adhesion assay. Five healthy carp (average body weight 1.64 kg) were gutted. The intestine was removed and washed with HH. The mucus was obtained by gently scraping the surface of the intestine, suspended in HH, and stored at À80 C until use. The protein concentration was determined by UV absorption spectrometry using bovine serum albumin (BSA; Sigma, St. Louis, MO) as standard. In the in vitro adhesion assay, the mucus solution was diluted and used at a protein concentration of 1.0 mg/mL.
Adhesion of bacteria to the mucus was determined as described previously, 14) with slight modifications. Mucus solution (100 mL/well) was added to a 96-well microtiter plate (Maxisorp; Nunc, Roskilde, Denmark) and incubated overnight at 4 C. Excess mucus was removed by washing the well twice with 200 mL of HH. A bacterial suspension (50 mL/well) was added, and the plates were incubated for 1 h at 30 C. After unattached bacteria were removed by washing the well twice with 100 mL of HH, 50 mL of HH was added per well, and adherent bacteria were scraped off with a pipette tip and drawn up. The collected bacteria were serially diluted and spread on GYP-BCP agar plates for counting. Values are means of triplicate measurements.
In vivo colonization assay. LAB were cultured in GYP medium for 18 h at 30 C and then collected by centrifugation. After they were washed twice with saline (0.85% NaCl), the cells were suspended in saline at 1 Â 10 8 CFU/mL. A bacterial suspension was added to the commercial carp diet to make 2 Â 10 7 CFU/g of feed. LAB-containing feed was prepared every third day, and was stored at 4 C until use. We performed the first experiment using four previously isolated candidate probiotics. The fish were held in 60-L tanks in groundwater at 23 AE 1 C at a flow rate of 340 mL/min. Each tank held 33 carp (average body weight 55 g). The fish were fed LAB-containing feed every day, as above, until day 12, and then unsupplemented feed until day 33. Three fish were taken randomly on days 0, 4, 7, 12, 13, 14, 16, 18, 26, and 33, and the bacteria in the intestinal contents were counted by plating on NY and GYP-BCP agar plates for 48 h at 30 C. We performed the second experiment using three newly isolated LAB strains (aG08, 45-2, and aG03), with Lc. raffinolactis R1 and Lc. lactis h2 as controls. The fish were held in 15-L tanks at a flow rate of 250 mL/min. Each tank held 16 carp (average body weight 10 g). They were fed LAB-containing feed for 7 d and then unsupplemented feed. Three fish were taken randomly on days 0, 7, 14, 21, and 28, and the bacteria were counted.
Identification of LAB by species-specific PCR and RFLP. Ten LAB colonies were randomly picked from the GYP plates for colony-direct PCR using species-specific primers (Table 1) . PCR was carried out in a GeneAmp PCR System 9700 (PE Biosystems, Foster City, CA). PCR amplification consisted of an initial 9 min at 95 C, then 35 cycles of 20 s at 95 C, 30 s at each primer's annealing temperature (Table 1) , and 1 min at 72 C. The reaction mixtures were separated by 2% agarose gel electrophoresis in TAE running buffer (40 mM Tris, 20 mM acetate, 1 mM EDTA, pH 8.0), and the PCR products were examined.
Before LAB administration, no amplification occurred against randomly picked LAB colonies using primers specific for Lc. lactis, E. pseudoavium, and S. iniae. Hence, after LAB administration, if amplification was observed for LAB colonies when we used specific primers, it is most likely that those LAB were derived from colonies subjected to LAB administration. Since colonies of Lc. raffinolactis strains other than h47 and R1 that had occurred in the intestine before LAB administration were often present, we used restriction-fragment length polymorphism (RFLP) analysis to distinguish the former from h47 and R1. PCR products were digested with TasI (Fermentas, Vilnius, Lithuania) following the manufacturer's instructions. As shown in Fig. 1 , three strains were distinguished.
Screening of new candidate probiotic LAB. Intestinal contents (about 10 g) were obtained from 20 healthy carp (body weight 50-1,760 g) reared at the Ibaraki Prefectural Freshwater Fisheries Experimental Station, and were diluted 4 times with HH. After removal of debris by filtration through laboratory wipes, the solution was added to four 96-well microtiter plates coated with carp intestinal mucus, as described above, and the plates were incubated for 1 h at 30 C. After two washes with HH, adherent bacteria were recovered. The bacterial suspension was added to two new mucus-coated plates, incubated, washed, and recovered again. This procedure was repeated one more time using one plate, and then the suspension was serially diluted and plated onto GYP-BCP agar. About 200 LAB colonies were selected. After incubation for 18 h at 30 C in 1.5 mL GYP liquid medium, cells were collected and suspended in HH to 5 Â 10 7 CFU/mL. The bacterial suspension was added to mucus-coated wells (50 mL each) and incubated for 1 h at 30 C. After two washes with 100 mL HH per well, the cells were fixed with 100% methanol for 3 min and air-dried. Crystal violet solution (0.1% in methanol) was added, the plates were incubated for 7 min at room temperature, and AT, annealing temperature. then the wells were rinsed 3 times with deionized water. Strains that were strongly stained were further analyzed for their ability to adhere to mucus by counting, as described above.
The levels of cholic acid resistance and the antibacterial activities of the isolates were examined as described previously.
10)
16S rDNA analysis. The 16S rRNA gene was amplified with 10F and 1500R primers (Table 1) . PCR amplification consisted of an initial denaturation at 95 C for 9 min, then 35 cycles of 20 s at 95 C, 30 s at 50 C, and 2 min at 72 C. The amplified 16S rDNA fragments were purified with an UltraClean15 DNA Purification Kit (Nippon Gene, Tokyo) and sequenced using a CEQ DTCS-Quick Start kit (Beckman Coulter, Fullerton, CA) with primer 10F, 519F, 907F, or 1500R (Table 1) . DNA was sequenced on a CEQ-2000XL sequence analyzer (Beckman Coulter). The closest species were assigned on the basis of 16S rDNA sequence comparison with the BLAST algorithm (http: //blast.ncbi.nlm.nih.gov/Blast.cgi), and the new sequences were submitted to the DDBJ databank. The accession numbers are shown in Fig. 4 .
Results
In vitro adhesion assay of candidate probiotics We tested eight candidate probiotic strains for their ability to adhere to carp mucus. The degree of adhesion varied among strains, from 2.5% to 20.7% of the total bacteria applied (Fig. 2) . Lc. raffinolactis R1 showed the highest adhesion, followed by E. pseudoavium h50. Lc. lactis h2 (predominant in summer) and Lc. raffinolactis h47 (predominant in winter) showed lower adhesion. These results were unexpected, since h2 and h47 were selected from predominant LAB species.
In vivo colonization assay of candidate probiotics To determine whether in vitro mucus-binding activity was related to in vivo colonization ability, we tested four strains in feeding experiments: Lc. raffinolactis R1 and E. pseudoavium h50 for their higher binding ability, and Lc. lactis h2 and Lc. raffinolactis h47 for their lower ability. The numbers of total bacteria (grown on NY plates) were not significantly different (about 10 8 -10 9 CFU/g) between tanks throughout the experiment (data not shown). The original number of LAB in the intestinal contents was about 10 6 CFU/g (Fig. 3A) . The number increased significantly during the LAB-feeding period in all four strains, to nearly 10 8 CFU/g in the intestines of the carp fed h47, R1 and h50, and to about 10 7 CFU/g in the carp fed h2. After LAB feeding stopped, the numbers of LAB gradually decreased, to slightly above the original 10 6 CFU/g over 7 d, and remained at that level in all tanks.
To elucidate any differences in the colonization abilities of the four strains, we randomly picked 10 LAB colonies from each intestine (n ¼ 3) and examined whether their 16S rDNA sequences were identical to those of the experimental strains. We detected no Lc. lactis h2 colonies and only one Lc. raffinolactis h47 colony (poor mucus-binding ability) among 30 colonies 2 d after LAB feeding stopped, and none from day 18 onward (Fig. 3B) . In contrast, colonies of Lc. raffinolactis R1 and E. pseudoavium h50 (good mucus-binding ability) were still detected 3 weeks after LAB feeding stopped; the former was more frequent than the latter throughout the sampling period. These results strongly suggest a relationship between mucus adhesion in vitro and the colonization ability of LAB in vivo. Fish were fed LAB-containing feed for 12 d and then unsupplemented feed. Three fish were randomly taken on each sampling day, and the numbers of LAB in the intestinal contents were counted by plating (A). Error bars indicate standard deviation. Ten colonies were randomly picked from each fish sample (30 colonies in total) and analyzed by colony-direct PCR using species-specific primers (B). PCR-RFLP was used to distinguish Lc. raffinolactis strains.
Screening of new candidate probiotic LAB with high colonization ability in vivo
As the above result suggested that it is possible to select LAB having a high colonization ability in vivo using the in vitro mucus adhesion system, we added carp intestinal contents to mucus-coated microtiter plates, washed the plates, and recovered the adherent bacteria to test this. The total number of LAB decreased from 8:5 Â 10 5 CFU to 2:6 Â 10 2 CFU. Among about 200 colonies tested with crystal violet, nine strains showing dense staining were chosen, and their mucus binding activities were examined by the standard method. Their adhesion rates ranged from 15.7% (cG02) to 44.4% (aG08) (Fig. 4) . Most of the strains showed better adhesion than Lc. raffinolactis R1. In particular, the adhesion rates of aG08 and 45-2 were significantly higher, about twice that of Lc. raffinolactis R1. The closest relatives according to the 16S rDNA sequences are shown in Fig. 4 together with their levels of cholic acid resistance. Strain 45-2 appeared to be cholic acid sensitive. All nine isolates showed antibacterial activities against representative fish pathogens Aeromonas salmonicida and Aeromonas hydrophila.
10)
In vivo adhesion assay of newly isolated strains We used three strains which showed high mucus adhesion in vitro in another in vivo colonization assay: aG08, 45-2, and aG03. The numbers of total bacteria remained at about 10 8 -10 9 CFU/g throughout the experiment. The numbers of LAB in the intestinal contents were <10 3 CFU/g at the beginning. The numbers of intestinal LAB increased by day 7 for all five strains. The LAB numbers in the intestines of carp fed four strains showing high mucus adhesion in vitro remained high after LAB feeding ceased. On the contrary, the number of LAB of h2-fed carp decreased rapidly, reaching the original level 7 d after LAB feeding stopped (Fig. 5A) . Since the closest relative of aG03 and aG08 is Lc. raffinolactis, and that of 45-2 is S. iniae, the primers listed in Table 1 permitted species-specific amplification of 16S rDNA. As observed in the previous experiment, Lc. lactis h2 quickly disappeared from the intestinal contents after LAB administration ceased (Fig. 5B) . In contrast, the numbers of aG03, aG08, 45-2, and Lc. raffinolactis R1 remained stable throughout the experiment.
Discussion
When probiotics are used in various animals to maintain host health, their ability to colonize the host intestinal tract is believed to be essential. The ability of bacteria to adhere to intestinal mucus [13] [14] [15] [16] [17] and intestinal epithelium 12, [18] [19] [20] is well documented, but the relation between adhesion in vitro and colonization ability in vivo has not previously been tested. In this study, we found that LAB showing high carp mucus adhesion in vitro grew and remained in the carp intestine. To our knowledge this is the first evidence of a correlation between mucus adhesion in vitro and colonization ability in vivo.
We began investigating this relationship by examining the ability of eight candidate probiotic LAB that we previously isolated to adhere to mucus in vitro.
10) The levels of adhesion varied among strains, from 2.5% to 20.7% (Fig. 2) . Although Lc. raffinolactis R1 showed the highest adhesion (20.7%), strain h47 of the same species showed very low adhesion (3.0%). It appears that adhesion to mucus in vitro is not species-specific but strain-specific.
To determine the relationship between adhesion in vitro and colonization ability in vivo, we tested four strains showing high and low adhesion in vitro for their colonization ability in vivo. Throughout the experiment, all the carp remained healthy, indicating that the strains were not pathogenic. intestinal contents increased during the LAB feeding period among all strains, although the increase was smaller in the intestines of carp fed Lc. lactis h2 (Fig. 3A) . We isolated strain h2 in summer, when the water temperature was about 30 C. The lower temperature of the experiment, at 23 C, might explain the low LAB number in the intestines of the carp fed h2. Analyses of LAB composition revealed that during the LAB feeding period, the LAB strain in the feed became predominant. After LAB feeding ceased, Lc. lactis h2 and Lc. raffinolactis h47, which showed low adhesion in vitro, immediately disappeared from the intestinal populations. In contrast, Lc. raffinolactis R1 and E. pseudoavium h50, with higher adhesion in vitro, predominated in the intestines for at least 3 weeks after LAB feeding ceased. When we selected candidate probiotics from the predominant LAB stock, our only criteria were cholic acid resistance and antibacterial activity against fish pathogens. Since Lc. lactis h2 showed low adhesion despite its predominance, we should have included mucus adhesion in vitro as a selection criterion.
We newly isolated nine candidate probiotic LAB with high in vitro mucus-binding ability. The mucus adhesion rates of all nine strains were high (15.7%-44.4%). We isolated two new Lc. lactis strains with high mucus adhesion in vitro and new candidates belonging to Carnobacterium sp. The new Lc. lactis strains might prove useful as summer substitutes for Lc. lactis h2.
We tested the three strains with the highest mucus adhesion rates for their colonization ability. Although their cholic acid resistance differed, all three remained stable in the carp intestine even 3 weeks after LAB feeding stopped. This result strongly suggests that cholic acid resistance is not a critical factor in the colonization of the carp intestine, although 45-2, with the lowest resistance, was present in the lowest numbers of the three (Fig. 5A) . So cholic acid resistance might be necessary for LAB to grow well in the carp intestine.
In conclusion, we found a correlation between bacterial adhesion to carp intestinal mucus in vitro and the ability to colonize carp intestine in vivo. Using our in vitro adhesion assay, we obtained LAB with high intestinal colonization ability. Our methods might be used to screen candidate probiotics for other animals. LAB with high colonization ability may combat fish pathogens through competition for adhesion sites 8) and available nutrients.
3) Dosing experiments on these strains using carp are highly to be desired. 
